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Abstract 


The  report  describes  the  application  of  l.orcntz 
electron  microscopy  to  the  study  of  structural  changes  of 
amorphous  alloys  in  composition  region  “v  Fc^H.,  . 
Significant  changes  in  the  magnetic  domain  structure  can 
in  certain  instances  be  associated  with  phase  transitions 
segregation  and  stress  effects  together  with  changes  in 
the  aaorphicity.  The  appearance  of  magnetization  ripple 
and  the  formation  of  regular  stripe  domain  patterns 
are  examples  of  the  magnetic  structures  which  can  be 
observed  by  defocussing  the  electron  microscope  in 
the  transmission  mode.  Parallel  observations  have  been 
made  using  established  X-rav  and  electron  diffraction 
crystallographic  techniques,  Hossbauer  effect  and 
differential  scanning  ealorimetrv. 
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Preface 


Earlier  reports  have  included  an  appraisal  of  scanning 
transmission  electron  microscopy  as  a  technique  in  relation  to 
conventional  transmission  electron  microscopy  (1977)  and  the 
application  to  the  study  of  metallic  glasses  (1978). 

In  this  final  report  we  describe  the  application  of  Lorcntz 
electron  microscopy  to  the  study  of  amorphous  materials  which 
since  their  development  over  the  past  few  years  have  presented 
some  problems  in  the  determination  of  changes  in  their 
microstructure  of  a  number  of  alloys.  Fen.B,,,  Fe0,B„,  and 
Fe 7^ B., ^  have  been  selected  for  this  report. 

The  study  of  the  amorphous  state  has  taken  on  a  greater 
significance  in  recent  years  with  the  developments  of  methods 
of  producing  in  quantity,  amorphous  specimens  of  materials 
normally  considered  as  crystalline;  in  particular  some  of  the 
metals  of  industrial  importance  such  as  iron.  Features  such  as 
the  degree  of  the  amorphicity,  the  extent  of  any  structural 
orientation,  the  effect  of  stress  are  clearly  of  some 
importance  in  the  structural  analysis  and  assessment  of  these 
materials.  The  very  fact  of  this  amorphicity  means  that  since 
some  of  the  'normal'  techniques  available  in  the  examination  of 
crystalline  materials  may  be  restricted  or  may  not  be  available, 
it  is  important  that  use  should  be  made  of  additional  methods 
of  approach.  This  report  describes  the  application  of  l.orentz 
electron  microscopy  to  this  problem  by  the  observation  of  the 
magnetic  structure  of  some  of  thv  amorphous  alloys  of  iron-boron. 

The  magnetic  domain  structure  of  a  ferromagnetic  material 
is  intimately  related  to  its  physical  dimensions  and  to  the 
existence  of  anisotropic  properties  associated  with  features  of 
atomic  arrangements  (crystal  structure),  mi rrosl ruct ure  or 
stresses.  Different  crystalline  phases  and,  indeed,  amorphous 
and  crystalline  phases  are  usually  distinguished  from  each  other 
by  diffraction  methods  using  X-rays,  neutrons  or  electrons  and 
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also,  in  some  case,  by  metal lographic  observation. 

Investigations  using  Lorentz  electron  microscopy  have  shown  that 
the  form  of  the  magnetic  domain  structure,  imaged  simply  by 
operating  the  electron  microscope  in  a  defocussed  setting,  can 
distinguish  between  crystalline  phases  at  high  resolution.  In 
order  to  illustrate  the  technique  without  the  complication  of 
amor  ph  i  c  i  t  y  we  use  a  crystalline  material  -  cobalt.  Figure  I’l 
shows  a  thin  foil  of  polycrystal  1 ine  cobalt  where  the  image  of 
the  domain  structure  is  seen  as  a  set  of  hluck  and  white  lines 
which  originate  in  an  "overlapping"  of  the  magnetic  domains 
and  a  delineation  of  the  boundaries  ("domain  walls")  between 
neighbouring  domains.  It  is  clear  that  the  parallel  array  of 
lines  in  the  hexagonal  (h.c.p.)  areas  (marked  H)  form  a 
different  pattern  to  lines  in  the  cubic  (f.c.c.)  areas 
(marked  F)  which  in  places  meet  each  other  at  triple  junction. 
Similar  differences  in  domain  pattern  also  occur,  of  course,  as 
a  function  of  temperature  when  a  phase  transformation  occurs. 

In  contrast  amorphous  materials  are  non-crystal  1 ine  and 
have  a  random  atomic  arrangement ,  at  least  at  long  range,  and 
although  isotropic  magnetic  properties  might  be  expected 
observed  magnetic  domain  structures  would  suggest,  in  general, 
the  presence  of  anisotropies  which  are  not  associated  with  long 
range  atomic  order.  This  kind  of  information  would  not  he 
readily  available  from  diffraction  measurements .as  the  presence 
of  compos  it iona 1  or  structural  changes  at  short  range  and  any 
associated  stresses  are  difficult  to  detect.  This  report 
describes  the  results  of  an  investigation  in  which  one  of  the 
objectives  was  to  explore  the  sensitivity  of  electron  microscope 
images  of  electromagnetic  structures  to  such  effects  on 
annealing  some  amorphous  alloys  of  iron.  Such  systems  should 
exhibit  suitably  minor  changes  in  their  atomic  arrangements 
during  annealing  and  cryst a  1 1 i zat ion  which  may  be  of 
signif icance  in  their  macroscopic  behaviour. 
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I .  Introduce  ion 

The  purpose  of  this  report  is  to  describe  and  discuss  the 

results  of  an  electron  microscope  investigation  of  the  magnetic 

domain  structure  and  physical  microstructure  in  some  amorphous 

magnetic  alloys  rapidly  quenched  from  the  liquid.  This 

particular  choice  of  investigation  is  an  extremely  timely  one 

ami  is  pertinent  to  the  general  aim  of  this  project  in  which  a 

correlation  between  electromagnetic  structures  and 

microstructures  at  high  resolution  was  sought. 

Amorphous  ferro  magnetic  alloys  of  the  Metglas  type'  were 

chosen  as  subject  material  because  subtle  changes  in  atomic 

arrangements  and  crystallization  behaviour  occur  on  thermal 

relaxation  and  annealing.  It  was  felt  that,  as  in  amorphous 

magnetic  films  deposited  from  the  vapour  phase,  these  changes 

would  be  accompanied  by  related  transformations  in  the  magnetic 
*> 

domain  structure".  Also,  it  was  hoped  that  the  possibility 

that  any  changes  in  magnetic  structure  might  be  as  equally 

sensitive  as  diffraction  measurements  to  alterations  in  atomic 

arrangements  and  changes  of  phase  could  be  tested  on  these 

materials.  Previous  investigations'  suggested  that  this  might 

be  the  case.  In  contrast  to  as-deposited  amorphous  materials, 

complications  from  microstructur.il  inhomogeneities  (i.e.  density 

and,  possibly,  compositional  fluctuations)  are  essentially 

avoided  in  these  alloys  quenched  from  t  lie  liquid  phase. 

In  the  main,  attention  has  been  concentrated  on 

compositions  of  the  type  Fc,,^  B  and  in  particular, 

^  l(X)-x  x  ' 

^C84B1(),  ^e80B20  an^  *rc7hB24‘  This  choice  from  the  general 

composition  range  (Fc,Co,Ni)  (B,P,C)  affords  as  simple  a 

X 

chemical  composition  as  possible  and  suggests  an  easily 
characterised  crystallization  behaviour. 

This  project  is  not  only  of  fundamental  interest,  but  the 
results  obtained  may  be  significant  for  the  commercial 
application  of  these  materials.  In  the  melt  spun  ribbon  form 
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(see  J  2),  they  are  approaching  competitiveness  with  available 

crystalline  materials  in  their  electrical,  mechanical, 

.  .  .  4 

corrosion  resistance  and,  especially,  magnetic  properties. 

Alloys  of  the  compositions  listed  above  are  of  particular 

interest  as  they  exhibit  high  magnetic  saturation,  low 

coercivity,  good  thermal  stability  and  outstanding  mechanical 

properties.  Low  field  properties  and  magnetization  behaviour 

are  intimately  connected  with  domain  structure  and  its 

interaction  with  microst ruct ural  features. 

Only  a  limited  range  of  amorphous  alloy  compositions  can 

be  made  by  rapid  solidification  from  the  liquid.  This  range 

is  generally  centred  round  the  eutectic  composition 

TXa  He.  where  the  transition  metal  TM  •  Ke,Co,Ni,Cr  etc.  and 
oO  20 

the  metalloid  Me  *  B,H,C  or  Si.  In  addition  the  eutectic 
temperature  is  particularly  low  in  these  systems.  Other 
factors,  such  as  the  viscosity  of  the  me  1 1  and  lice  tendency 
for  the  (  It  to  under cool  also  prevent  r ryst al 1 i ?  it  ion. 

The  discussion  of  correlated  magnetic  domain  and 
microst rue tura 1  changes  in  this  report  is  augmented  by 
information  given  by  coercivity  measurement s  (obtained  by 
others)  and  some  differential  scanning  calorimetry  and 
Mossbauer  measurements  on  our  specimen  material. 


2.  Specimen  Preparation  and  Experimental  Procedure 

The  me  It -spun  ribbons  were  fabricated  at  the 
G.E.  Research  and  Development  Laboratories  by  a  single 
operation  process.  The  requirement  for  rapid  quenching 
(  lO^Ks  l)  controls  the  thickness  of  ribbon  contained  and, 
with  present  technology,  this  is  of  the  order  of  *>0um  giving 
a  cross  section  of  2  or  1  mm  by  *>0iim.  The  details  of  the 
spinning  process  arc  given  elsewhere’. 

Thin  foils  for  transmission  electron  microscopy  were 
prepared  by  electropolishing  to  perforation  a  2mm  x  2mm  piece 


of  ribbon  in  a  cousnercical ,  automatic  electropolishing 
apparatus  (Struers  Vickers  Ltd.).  A  suitable  electrolyte  was 
found  to  be  90  parts  glacial  acetic  acid  and  10  parts 
perchloric  acid  (by  volume)  cooled  to  about  5°C.  For 
differential  scanning  calorimetry  small  pieces  (i  4  mg  in 
weight)  were  cut  from  the  master  ribbons  and  some 
magnetization  and  Mttssbauer  spectroscopy  measurements,  were 
carried  out  on  similar  pieces. 

Electron  microscopy  and  electron  diffraction  was  carried 
out  in  J.E.O.L.  20OA  and  AE1  Kratos  KM7  electron  microscopes 
at  200  keV  and  1  MeV  respectively.  Both  instruments  are  equipped 
with  in-situ  heating  stages  for  annealing  experiments  and  can 
operate  in  the  Lorentz  rntnle.  The  200A  also  has  an  in-situ 
magnetization  stage  which  was  used  for  several  magnetization 
experiments  on  the  thin  foils.  This  equipment  is  capable  of 
producing  magnetizing  fields  of  the  order  of  400  Oe.  Differential 
scanning  calorimetry  measurements  were  obtained  using  a 
Du  Pont  990  thermal  analyser  with  DSC  cell.  Some  Mossbauer 
experiments  were  performed  on  a  constant-acceleration 
spectrometer  (in  conjunction  with  a  1024  multichannel  analyser) 
at  the  Solid  State  Physics  Laboratory,  University  of  Groningen, 
Netherlands.  The  source  used  was  Co"*^  in  Pd  matrix. 

3.  Results 

In  the  following  sections  we  describe  the  results  of  a 
study  of  the  microstructural  and  related  domain  changes  in 
annealed  Fe^B.,^,  Feg0B20  and  Fe^B^  alloy  specimens. 

3 . 1  Microstructural  chang.es  during  anneal  ing 

During  dynamic  annealing  the  images  of  specimens 

suddenly  show  what  at  low  magnification  mav  be  appropriately 
termed  -  a  characteristic  mottling  (Fig.  la).  This  may 
occur  anywhere  in  the  range  330  -  370°C  depending  upon  the 
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heating  rate  and  the  annealing  time  at  temperature.  At 
higher  magnification  (Fig.  lb)  the  mottling  ia  seen  to  mark 
the  onset  of  crystallization  and,  as  deduced  from  the 
diffraction  pattern,  represents  the  primary  crystallization  of 
a-iron  (b.c.c.).  This  behaviour  is  consistent  with  previous 
work  on  high  iron  content  alloys**. 

A  not  dissimilar  change  is  seen  in  ^cg(1®2o  a^°y9  but 

crystallization  starts  at  a  higher  temperature  (350-420°C)  for 

the  same  time  of  anneal.  However,  the  formation  of  local 

regions  of  o-Fe  takes  place  on  a  much  coarser  scale  (Fig.  2). 

This  primary  crystallization  of  n-iron  has  not  been  reported 

in  other  published  data  on  alloys'*.  On  the  other  hand 

it  should  be  noted  that  differential  scanning  calorimetry 

plots  for  both  Fe„.B,,  and  Fe0-B,_  (see  S  3.5)  show  exotherms 

I  o  otJ  it)  ^ 

with  a  shape  precisely  as  seen  in  other  investigations  .  The 
sequence  of  transformation  in  Fe^B.,,  alloy  is  similar,  but 
the  precipitated  amount  of  <tFe  (Fig.  3)  is  very  small  compared 
with  FCp,  and  Fc^B^  alloys.  Also  the  crystallization  takes 
place  at  a  temperature  (455°C)  higher  than  in  the  other  two 
compos i t ions . 

If  specimens  in  this  initial  crystallization  state  are  now 
annealed  at  a  slightly  higher  temperature,  a  further  marked 
change  occurs.  This  step  is  characterized,  by  the  formation  of 
spherulites  (Fig.  4).  It  is  believed  that  the  spherulites 
represent  a  eutectic  crystallization  of  Fe^B  and  a-Fe  (or 
possibly  a  polymorphous  crvstal  lization  of  Fe-jB)  which  is 
initiated  when  the  matrix  reaches  the  stoichiometric 
composition  Fe^B^.  As  is  shown  in  Fig.  4  the  spherulites 
and  initial  a-Fe  nuclei  co-exist.  Diffraction  patterns  from 
the  spherulites  show  clearly  the  presence  of  tetragonal  Fe^B 
(Appendix  1).  The  spherulites  consist  of  a  series  of  columns 
which  diverge  radially  from  their  centre.  Although  discrete. 
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Che  columns  have  similar  crystallographic  orientation  as 
indicated  by  the  single  crystal  nature  of  the  diffraction 
patterns.  Bend  extinction  contours  are  visible  in  the 
spherulites . 

If  specimens  arc  now  raised  in  temperature  the 
crystallization  proceeds  not  by  the  formation  of  many  new 
spherulites,  but  by  the  rapid  growth  of  those  already  present. 
As  they  expand,  the  matrix  with  its  n-Fe  is  consumed,  until 
the  whole  specimen  is  crystalline. 

3.1.1  Differential  Scanning  Calorimetry 

This  is  a  technique  widely  used  on  bulk  specimens  to 

g 

investigate  the  crystal  1 ization  process  .  Ue  have  used  the 
calorimeter  on  the  as-received  ribbons  of  FcD,B,,  and  Fe.-B... 

0*4  lo  PH.)  Zkj 

alloys.  Both  the  alloys  show  exotherms  with  a  shape 
characteristic  of  those  obtained  in  other  investigations*’. 
However,  unlike  the  FeOIB,.  alloy,  FeQ,.B_„  does  not  have  a 

0*4  lo  ou  xu 

shoulder  at  lower  temperatures  (Fig.  5)  as  a  satellite  to  the 
main  crystallization  peak.  As  a  technique  DSC  measures 
macroscopic  properties  and  is  therefore  less  sensitive  to  the 
onset  of  crystallization  than  the  electron  microscope.  This 
feature,  together  with  the  requirement  of  thin  specimens  means 
that  data  obtained  with  the  microscope  is  not  always  consistent 
with  that  reported  on  bulk  samples. 

3.1.2  MHssbaucr  Studies 

9 

MHssbauer  spectroscopy  has  been  used  to  investigate  the 

internal  fields  within  the  ribbon  samples.  The  internal  field 

ia  sensitive  both  to  the  distribution  of  iron,  .and  its 

environment,  in  the  specimen,  and  can  therefore  detect  the 

9  6 

degree  of  crystallinity.  Figure  6  '  shows  MBsshauer 
spectroscopy  from  two  Feg,Bj^  specimens  after  heat  treatment 
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for  5  minutes.  It  can  be  seen  from  the  figure  that  the 
precipitated  amount  of  a-Fe  is  dependent  on  the  annealing 
temperature  .  The  amount  of  <i-Fe  was  estimated  to  be  2 . SX  for 
the  specimen  heat-treated  at  673  K  and  0.9Z  for  the  one  which 
was  heat-teated  at  663  K.  This  result  is  consistent  with  that 
reported  by  Kemenv  et  al*°.  It  should  be  noted  that  MBssbauer 
spectroscopy  with  its  high  sensitivity,  is  particularly  useful 
for  low  temperature  annealing  behaviour  of  the  glassy  alloys. 
The  structural  changes  at  low  temperatures  are  too  slight  to  be 
detected  by  DSC. 

3.2  Domnin  Studies 


3.2.1  Virgin  Foils 

Virgin  specimens  of  all  the  alloys  examined  show  the  same 
featureless  microstructure  (Fig.  7a),  a  consequence  of  their 
amorphous  nature.  The  only  notable  exception  has  been  in  some 
(NiFc)g^B.,0  specimens  where  a  degree  of  crystallinity  has  been 
detected  -  this  must  he  attributed  to  an  imperfect  fabrication 
procedure. 

The  amorphous  nature  of  the  specimens  also  imposes  a 
characteristic  remanent  domain  structure  which  is  typical  of  all 
the  compos i t ions  observed.  The  characteristic  of  the  remanent 
domain  structure  may  be  summarized  as  follows: 

(1)  The  magnet izat ion  is  confined  to  the  plane  of  the  specimen 
and  its  direction  is  isotropic  within  that  plane. 

(2)  Clearly  observed  domain  walls  including  cross  tie  walls 
exist  within  the  material. 

(3)  The  domains  are  fairly  large,  of  the  order  of  tens  of 
microns  -  except  in  the  vicinity  of  cracks,  edges  and  holes. 
In  such  areas  the  domain  structure  is  more  complicated,  ** 
and  determined  hy  local  magnetostatic  effects*  .  For 
example,  flux  closing  domains  may  be  observed  which  form 

to  reduce  magnetostatic  energy. 
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(4)  Within  the  domains  there  is  no  sign  of  magnetization 

dispersion,  i.e.  'ripple'  which  precludes  any  variation 

in  magnetization  direction  on  the  micron  scale. 

It  should  also  be  noted  that  there  is  no  sign  of  maze  or 

1 2 

stripe  domains  which  are  frequently  observed  in  the  as-received 
ribbons  before  electrolytic  thinning.  In  suninary  the  remanent 
domain  structures  are  characterised  by  planar  isotropy  and  are 
remarkably  similar  to  those  seen  in  large  grain  low-anisotropy 
crystalline  materials,  such  as  1’enninvar  (Fe:Co:Ni  •  34:23:43). 

A  series  of  micrographs  illustrating  the  above  features  is 
shown  in  Fig.  7b-e. 


3.2.2  Domain  Observations  on  Annealing 

So  sensible  changes  in  domain  structure  occur  until  a 
temperature  is  reached  where  nuclei  of  i-Fe  begin  to  form  in 
the  matrix  .  At  this  juncture  Lorentz  microscopy  shows 
magnetization  ripple11  in  Fcfl,&lf  and  F«S()B.)(l  alloys 
(Fig.  8).  The  wavelength  of  the  ripple  is  Him  and  is  seen 
in  both  alloys.  However,  there  is  no  evidence  of  such  ripple 

in  Fc76®24  all°y- 

Thereafter  the  domain  structure  of  Fe^B^  and  Feg,Bjfj 
specimens  diverge  significantly  as  the  temperature  is  raised. 
Most  spectacularly,  at  a  temperature  of  390°C  in  the  latter,  a 
somewhat  irregular  stripe'^  domain  structure  is  seen  to  form 
over  a  wide  area  of  the  specimen  (Fig.  9a).  At  a  lower 
magnification  (Fig.  9b)  the  stripe  domains  are  observed  to 
co-exist  with  main  domain  walls  and  their  mutual  orientation 
would  indicate  that  the  stripe  domain  pattern  is  of  the  type 

14 

designated  weak  .  This  implies  that  the  magnetization 
oscillates  in  and  out  of  the  film  plane.  The  wavelength  of 
the  oscillatory  structure  is  •v  5000  A.  The  presence  of  stripe 
domains  implies  the  existence  of  some  anisotropy  perpendicular 
to  the  film  plane.  The  origin  of  this  anisotropy  is  discussed 
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below. 

As  t l.c*  temper  _ure  of  the  specimen  is  raised  to  a  value 
where  spherulite  formation  is  initiated  the  spnerulites  arc 
found  to  contain  no  stripe  domain  (Fig.  9b).  However  the 
spherulites,  while  initially  of  single  domain  size,  soon  grow 
to  a  size  where  they  do  support  a  domain  structure.  As 
crystallization  proceeds  to  its  conclusion  the  specimens  are 
observed  to  have  a  domain  structure  typical  of  large  grain 
crystalline  materials. 

No  stripe  domains  at  all  can  be  created  in  the  lower  iron 

content  specimens,  Fe  B  .  As  the  temperature  is  raised  the 

tX '  «.  u 

ripple  persists  but  is  gradually  destroyed  by  the  nucleation  and 
growth  of  spherulites.  The  ultimate  domain  structure  is 
therefore  similar  in  the  fully  crystallized  species  of  both 
alloys  studied. 

3.2.3.  Field  Expe ri men t_s 

The  domain  walls  in  virgin  specimens  may  be  moved  easily 

by  the  application  of  dc  fields  within  the  microscope.  However 

the  fields  required  to  obtain  saturation  are  generally  -v.  10  Oe 

implying  that  the  coercivity  is  probably  about  3  Oe.  This  is  a 

value  considerably  higher  than  that  normal ly  reported  for 

as-received  ribbon  ('v  0.  1  Oe)  and  the  discrepancy  must  he 

mainly  attributed  to  the  thinness  of  the  microscope  specimens. 

The  specimens  may  also  he  a-c  demagnetized  in-situ  hut  the 

remanent  domain  structure  shows  no  notable  characteristic  other 

than  those  described  previously  in  section  3.2.1. 

The  domain  structures  described  above  represent  remanent 

configurations  at  high  temperatures  but  magnetic  fields  have 

been  applied  in-situ  to  annealed  specimens  at  room  temperature. 

Some  micrographs  from  a  ’run*  performed  on  a  partially 

crystallized  Fe  R  film  containing  spherulites  is  shown  in 
84  1  o 

Fig.  10.  As  already  stated  the  spherulites,  while  capable  of 
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supporting  domain  walls  (see  A),  do  not  contain  stripe  domains 
-  these  are  confined  to  the  matrix.  The  stripe  domains  are 
easily  removed  by  application  of  a  field  in  the  appropriate 
direction  (Fig. 10c).  A  residual  ripple  is  left  within  the 
matrix.  It  may  be  noted  from  Fig. 10b  that  walls  within  the 
spherulite  can  also  be  moved  easily.  Apparently  the  presence 
of  spherulites  does  not  significantly  increase  the  coercivity 
of  the  foil.  When  the  field  is  removed  t  lie  stripe  domain 
structure  is  recovered  although,  of  course,  there  are 
differences  in  detail  due  to  hysteresis. 

Discussion  cf  Microst  i  net  ura  1  and  Related  Domnin  Features 
The  development  of  the  crystal  1 i /at  ion  mechanism  is 
largely  in  agreement  with  previously  reported  results 
(apart  from  the  primary  crystallisation  of  i-Fo  in  Fc^H ,  ( ) 
and  is  consistent  with  the  kinetics  discussed  by  Hcrold  et  al\ 
The  changes  in  domain  structure  ( n« •  l  previously  reported) 
accompanying  the  annealing  procedure  are  extremely  interesting, 
especially  the  creation  of  magnet izat ion  ripple  and  the 
existence  of  stripe  domains.  Generally  speaking  the  domain 
structure  of  any  specimen  is  sensitive  to  its  material  properties 
and  therefore  the  observation  of  domains  can  provide 
significant  information  about  the  microst rurt ure  which  may  not 
be  obvious  through  other  means,  e.g.  in  the  diffraction  pattern. 
Thus  the  presen  c  of  ripple  denotes  magnet izat ion  dispersion 
and  one  likely  cause  of  the  dispersion  is  a  random  system  of 
stresses  set  up  in  the  specimens.  Since  the  dispersion  appears 
with  the  onset  of  primary  crystallization  it  appears  probable 
that  this  nucleation  is  associated  with  microst resses.  The 
absence  of  ripple  in  virgin  specimens  indicates  that  there  are 
either  no  fluctu.it  ions  in  magnetization  direction  associated 
with  structural  (i.e.  atomic)  disorder  on  a  scale  0-20  X  or 
that,  if  present,  any  resultant  flux  changes  arc  near  the 

1  1 


effective  resolution  limit  of  Lorentz  microscopy. 

It  has  been  noted  that  the  ripple  is  produced  in  all  alloy 
compositions  except  Fe^B.^.  The  absence  of  ripplies  in 
Fe76B2  ^  is  attributed  to  the  very  low  amount  of  precipitated 
a-Fe  and  hence  the  lack  of  associated  microstresses.  The 
appearance  of  stripe  domain  structures  is  limited  to  one 
composition  only.  In  fact  the  presence  of  a  weak  stripe 
structure,  which  of  necessity  requires  some  sort  of 
perpendicular  anisotropy,  is  somewhat  problematic.  It  clearly 
depends  on  iron  content  and  probably  upon  the  nucleation 
density  of  the  primary  crystallization.  This  suggests  that 
dense  mottling,  as  seen  in  Fe  ,B  ,  might  be  accompanied  by 

O  *4  1  O 

stress  and/or  structural  changes,  such  as  columnar  growth  or 
some  other  form  of  non-equiaxed  growth,  which  ran  produce 
stripe  domains.  This  unidirectional  columnar  growth  and 
consequent  domain  structure  is  subsequently  destroyed  or 
transformed  when  sphcrul ites  nucleate  and  form  an  array  of 
radially  directed  columnar  cells. 

Bending  stresses  will  also  be  present  in  the  films  but 
arc  unlikely  to  be  distributed  in  such  a  way  as  to  give  stripe 
domains  over  the  large  areas  in  which  they  are  observed  to 
occur.  Moreover,  since  these  stresses  are  present  in  all 
samples  and  the  magnetoelastic  constants  of  Fe  B  ,  Fe  B 

j  0  "4  i  W  OvJ  4 1  • 

and  Fe^B^  are  not  dissimilar  ,  it  is  difficult  to  explain 
why,  on  this  basis,  the  stripe  domains  do  not  occur  in  the 
Fe_„B,„  and  Fe-,B, .  compositions. 

It  must  be  admitted  that  the  partially  crystallized 
specimens  arc  inhomogeneous  in  many  respects  (c.g.  composition, 
magnet izat ion  values,  stresses  etc)  and  to  tie  down  the  precise 
mechanism  responsible  for  stripe  formation  will  not  be  easy. 

Whatever  the  physical  conditions  necessary  for  stripe 
domain  (and  ripple)  formation,  observation  proves  that  they 
are  destroyed  by  the  nucleation  and  subsequent  growth  of 
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spherulites.  This  is  not  too  difficult  to  conceive  of,  since 
rapid  grain  growth  at  elevated  temperature  produces  a  more 
homogeneous  microstructure.  (The  presence  of  bend  extinction 
contours  testifies  to  this  assertion).  As  a  result  the 
fluctuations  in  stress,  composition  etc.  existing  on  a  scale  of 
0. I  -  lum  are  eliminated. 

The  magnetic  properties  of  the  spherul ites ,  especially  in 
their  early  stages  of  life,  are  of  interest.  Presumably,  they 
are  initially  single  domains  and  therefore  likely  to  increase 
coercivity.  However,  unlike  permanent  magnet s , where  the  end 
particles  are  found  within  a  non-magnet ic  matrix,  the  matrix 
in  FeB  alloys  is  itself  magnetic.  This  means  the  single 
domain  particle  size  is  fairly  large  1  ,nn)  because  the 
matrix  and  spherul ite  have  magnetization  values  differing  by 
only  a  modest  amount .  As  a  result  the  impact  of  these 
particles  within  the  matrix  is  not  too  drastic  as  far  as 
dynamic  magnetization  properties  are  concerned.  It  is 
suggested  that  the  evidence  presented  in  f*  3.4  supports  this 
conclusion. 

5.  Conclusions 

The  correlation  between  magnetic  domain  structure  and  the 

physical  microstructure  of  some  annealed  amorphous  Fe ,  B 

r  1  '  100-x  x 

alloys  has  been  investigated  with  electron  microscopy.  On 
account  of  their  potential  applications  these  materials  can  be 
properly  described  as  electromagnetic  structures. 

The  study  has  shown  that  dynamic  annealing  of  the  alloys 
does  result  in  characteristic  and  reproducible  changes  in 
microstructure.  Moreover  these  changes  arc  then  responsible 
for  important  and  drastic  changes  in  the  domain  structure. 

Some  of  the  latter,  e.g.  the  formation  of  stripe  domains,  are. 
to  say  the  least  unexpected,  and  not  predicted  by  any  current 
metal lurgical /magnet ic  theories.  The  creation  of  a  stripe 
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Structure  lends  credence  to  the  assertion  that  the  domain 
structure  can  he  just  as  sensitive  as  indicator  as  diffraction 
data  of  subtle  microst ructura 1  variations.  This  we  consider 
to  be  one  of  the  values  of  Lorentz  transmission  microscopy. 

While  the  work  has  been  mainly  confined  to  thin  foils,  the 
results  are  certainly  not  irrelevant  to  bulk  material.  It  is 
true  that  weak  stripe  domain  formation  as  found  here  is  a  thin 
film  phenomenon,  but  there  is  no  reason  why  some  type  of  three 
dimension  ripple  dispersion  should  not  occur  in  as-received 
Metglas  ribbons.  For  higher  iron  content  alloys  the  formation 
of  ripple  is  observed  at  fairly  low  temperature  ("v  300°C)  which 
might  pose  problems  in  some  technical  applications  of  the 
material . 
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TABLE  I 


OBSERVED  AND  ACTUAL  DATA  FOR  Ft*  B  PHASE 


BODY-CENTRED  TETRAGONAL  CELL 


INDICES 

INTERPLANAR 

SPACINC  (X) 

h  k  l 

OBSERVED 

ACTUAL 

101 

3.86 

3.84 

211 

2.87 

2.87 

110 

6.08 

6.10 

Identification  of  Ft-^B  Phase 

Fig.  A1  shows  a  typical  diffraction  pattern  observed  using 
a  high  tilt  goniometer  facility  of  the  microscope.  The  phase 
is  unambiguously  identified  to  be  Fe The  procedure  followed 
is  as  below. 

Interplanar  spacing  (d)  is  given  by: 


d 


2 _ > _ L. 

D 


(1) 


where  2  X  L  ■  camera  constant 

D  "  distance  between  spots  on  either  side  of  the 
centre 

Camera  constant  was  determined  using  i-Fe  matrix  as  a 
'built-in'  standard  and  its  value  was  found  to  be  3.040  cm  A. 
Values  of  d-spacings  were  calculated  from  the  relationship^ . 
Table  I  shows  the  list  of  the  observed  and  actual  inter-planar 
spacings.  From  the  table  1  ,  there  is  good  agreement  between 
the  observed  and  actual  values. 
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Table  1  Diffraction  data  for  Fe^B  phase 
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Figure  1  Bottling  due  to  primary  crystallization  op 
-Fe  in  Fe^Bjp  (different  magnification) 


Figure  2 


Figure  3 
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Figure  *>a  Differential  scanning  calorimetry  plot  of  Ft ^0®2n 
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Figure  Sp  Differential  scanning  calorimetry  plot  of  fE0tlB 
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Figure  7a  Kicrostructure  of  an  amorphous  Fe-B  virgin  foil 


Figure  7e  Remanent  domain  structures  in  virgin 
FeP  foils 
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Figure  A1 


Diffraction  pattern  from  Fe 
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